Abstract. Traumatic brain injury (TBI) is a diverse group of intracranial injuries resulting from external mechanical insults to the brain. While basic and clinical research for TBI has been conducted for decades, it has not identified cost-effective medical interventions for treating TBI. Tetramethylpyrazine (TMP), which is derived from the Chinese herb, Ligusticum chuanxiong Hort (Chuan Xiong), has been clinically used for treating ischemic brain injury for years. However, whether TMP could provide effective benefits for improving the outcomes following TBI is unknown. In the present study, using controlled cortical impact (CCI) injury to create an animal model of TBI, the potential effects of TMP on improving blood-brain barrier (BBB) permeability in the early phase of the secondary injury, as well as the splenic anti-inflammatory activities, were evaluated. Cognitive functions were also assessed by Morris water maze trials following TBI. Results demonstrated that, at 24 h after CCI injury, BBB permeability was significantly reduced (P<0.05) by the application of TMP. In addition, within 24 h after CCI injury, the plasma levels of interleukin (IL)-1β and tumor necrosis factor (TNF)-α, and protein and mRNA expression levels of IL-1β and TNF-α in the spleen were significantly lowered by TMP (P<0.05). Furthermore, within 24 h after CCI injury, the activation of the splenic anti-inflammatory effects mediated by nicotinic acetylcholine receptor α7 (nAChRa7) stimulation were significantly enhanced by TMP (P<0.05). Additionally, impaired spatial memory acquisition and consolidation were significantly improved by TMP after CCI injury (P<0.05). Together, in light of these data, in the treatment of TBI, TMP could effectively reduce BBB permeability, which may be closely associated with the enhanced splenic anti-inflammatory effects activated by nAChRa7 stimulation, and potentially improve cognitive recovery concerning spatial learning and memory.
Introduction
Traumatic brain injury (TBI) is a diverse group of intracranial injuries resulting from the transduction of external energy into the brain, which exceeds its own protective capacity (1) . It was estimated that ~10 million people sustain TBI worldwide annually, leading to the burden of mortality and morbidity imposing on society (2) . In 2009, within the USA alone, more than 2.4 million people were affected by TBI, which contributed to one-third of all injury-related mortality, and ~5.3 million people lived with disability from TBI (3) . Individuals who survive severe TBI require 5-10 years of intensive therapy, and the aggregate annual costs in 2010 for TBI were estimated to be ~$76.5 billion in the USA (3, 4) . Although there has been extensive basic and clinical research for TBI, it has failed to identify effective approaches validated by large randomized control trials to reduce the pathology and improve the clinical outcomes following TBI, particularly for severe cases (5) . Except for the surgical interventions and supportive therapies, such as brain swelling control, only treatment with the N-methyl-D-aspartate receptor antagonist, amantadine, in the sub-acute phase has been evidenced to promote the functional recovery of TBI patients (6) . Accordingly, to further investigate and develop cost-effective medical interventions for treating TBI would be of critically importance.
Ligusticum chuanxiong Hort, also known as L. wallichii Franchat (Chuan Xiong), belongs to the family of Umbelliferae and its rhizome part has been traditionally applied for treating a range of nervous and cardiovascular system diseases in Traditional Chinese Medicine for hundreds of years (7) . To date, >200 compounds have been isolated from this plant, which may be categorized into five major groups, namely phenols and organic acids, phthalides, alkaloids, polysaccharides, ceramides and cerebrosides (8) . Among them, 2,3,5,6-tetramethylpyrazine (TMP), which belongs to the alkaloids group (also known as Ligustrazine), is considered to be one of the most important bioactive ingredients from the herb Chuan Xiong, and has been clinically used in the treatment of ischemic brain injury for years (9) . In fact, it has been widely studied that TMP may exert explicit neuroprotective roles, such as anti-inflammatory, antioxidant and anti-apoptotic effects, for treating ischemic stroke (10) (11) (12) (13) . However, the beneficial effects of TMP on improving the outcomes of TBI have not been fully elucidated.
It is generally understood that the blood-brain barrier (BBB) serves as the key structure for anatomically isolating the delicate structure of brain parenchyma from its surrounding blood and fluid spaces, and its integrity is essentially important for maintaining the homeostasis of the nervous system (14) . In the early phase after TBI, the complex secondary injury cascades induced by the initial external mechanical insults may lead to the breakdown of BBB mediated by various cellular and molecular events, such as the dysfunction of the neuro-glio-vascular unit, endothelial disruption and derangement of tight junction proteins (15) . Consequently, the transiently increased BBB permeability would result in the uncontrolled leakage of fluids and inflammatory cells extravasated from the blood into the affected brain tissue, so as to further deteriorate other secondary TBI pathologies, including decreased cerebral blood flow, excitotoxicity, neuroinflammation and synaptic reorganization (15, 16) . Previous research has indicated that TMP could effectively reduce BBB permeability in ischemic brain injury (17) . However, whether and to what extent the breakdown of BBB following TBI could be potentially improved by TMP is largely unclear.
Increasing research has revealed that BBB permeability in TBI could be reciprocally regulated in response to the inflammatory status of either central or peripheral origin (15, 18) . Following TBI, the phenotype-shifted neurons and surrounding glia produce a range of pro-inflammatory cytokines, such as interleukin (IL)-6, tumor necrosis factor-α (TNF-α) and IL-1β (19) . Simultaneously, the stimulation of the hypothalamic-pituitary-adrenal axis may further adrenergically activate the splenic macrophages to secrete pro-inflammatory cytokines into the systemic circulation (20) . Eventually, these pro-inflammatory cytokines may directly lead to the recruitment and degranulation of neutrophils, so as to degrade the extracellular matrix by proteases and increase BBB permeability (15) . Notably, studies have demonstrated that the vagus nerve activity, particularly the splenic component, may exert the cholinergic anti-inflammatory effects on improving the breakdown of BBB after TBI, mediated by the stimulation of the nicotinic acetylcholine receptor α7 (nAChRa7) subunit on splenic macrophages (21) (22) (23) . Novel findings have indicated that TMP may elicit certain anti-inflammatory roles for treating ischemic brain injury and neurodegenerative diseases (24, 25) . Nevertheless, the regulation of inflammation by TMP, particularly the splenic anti-inflammatory effects, have not been investigated.
The present study utilized a rat model of controlled cortical impact (CCI) injury in order to determine whether, and to what extent, increased BBB permeability following TBI could be improved by TMP. Furthermore, whether splenic cholinergic anti-inflammatory effects could be regulated by TMP was also investigated. Results demonstrated that TMP could effectively reduce CCI-induced BBB permeability, exerting neuroprotective roles for treating TBI. These effects may be closely associated with the enhancement of splenic cholinergic anti-inflammatory effects.
Materials and methods

Experimental animals and drug administration.
A total of 48 male Sprague Dawley rats (age, 6 months; weight, 200-250 g) were supplied by the Laboratory Animal Research Center of Soochow University (Taicang, China). Rats were maintained under standard conditions for at least 1 week, and individually housed in plastic cages in an animal room under temperature-controlled conditions of 22-25˚C and relative humidity of 50-60% with a 12-h light/dark cycle and access to commercial pellets and water ad libitum. Animals were randomly assigned to three groups: TMP group (n=18) (among which 6 rats were sacrificed at 24 h after CCI, 6 rats were injected by TMP from day 1 to day 14 after CCI, and 6 rats were injected by TMP from day 2 to day 14 after CCI), vehicle group (n=18) (among which 6 rats were sacrificed at 24 h after CCI, 6 rats were injected with saline from day 1 to day 14 after CCI, and 6 rats were injected with saline from day 2 to day 14 after CCI) and sham group (n=12) (as described in the next section; among which 6 rats were sacrificed at 24 h after sham operation and 6 rats were used for Morris water maze experiment). Experiments and drug administration were performed in a double-blind manner. TMP (Sigma-Aldrich; Merck KGaA, Darmstadt Germany) (20 mg/kg) for the TMP group, and an equivalent volume of saline (Sigma-Aldrich; Merck KGaA) for the vehicle group, was injected intraperitoneally twice daily for 14 days. The first injection was administered 30 min after the impact procedure, as described below. For the assessment of cognitive recovery (i.e. Morris water maze (MWM) trial), deprivation of injection administration on the same day of the TBI procedure was specified as TMP (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) group (n=6) and vehicle (2-14) group (n=6). All procedures were approved by the Soochow University Animal Ethics Committee and conformed to the Guide for the Care and Use of Laboratory Animals.
Surgical procedure for CCI injury model. The CCI model for experimental traumatic TBI was performed using an electromagnetic controlled pneumatic impact device (Precision Systems and Instrumentation, Fairfax Station, VA, USA) by driving a piston at a preset speed onto the exposed surface of the brain. The depth of compression was controlled by zeroing the piston on the surface of the rat brain. Under anesthetizing with intraperitoneal injections of 3% sodium pentobarbital (50 mg/kg) and under sterile conditions, a midline longitudinal incision was performed on the rat skull and then the craniotomy (6-mm in diameter) was made over the left parietal cortex using a portable drill and trephine. The injury consisted of a single impact at the velocity of 6.0 m/sec and a depth of 5 mm delivered to the left parietal cortex. Subsequently, the scalp was covered using cyanoacrylate tissue glue. Following surgery, rats were allowed to recover in a warmed chamber and then returned to their cages. Throughout the procedure, rat body temperature was monitored and maintained at 37.0±0.5˚C. TBI group rats were subjected to the complete CCI surgical procedure, whereas the vehicle group rats were anesthetized and received the incision but not the craniotomy or impact procedure. For sham group (n=12), skull midline longitudinal incision and craniotomy was performed without TBI, then the scalp was covered using cyanoacrylate tissue glue.
Measurement of levels of plasma IL-1β and TNF-α. Blood samples (0.5 ml each) were taken from an intravenous tube implanted in the femoral vein at 4, 12 and 24 h after CCI injury, respectively. With the use of EDTA as an anticoagulant, plasma was prepared by centrifugation at 2,000 x g at 4˚C for 10 min to remove the erythrocytes, leukocytes and platelets. The plasma was aliquoted and frozen at -80˚C until further use. Plasma concentrations of IL-1β and TNF-α were detected using commercially available ELISA kits (IL-1β kit cat. no. D730238-0048, TNF-α kit cat. no. D730457-0048; Sangon Biotech Co., Ltd., Shanghai, China), according to the manufacturer's instructions.
Evaluation of BBB permeability. BBB permeability was determined by measuring the extravasation of Evans Blue dye in each group. In TMP, vehicle, and sham groups, 6 rats were randomly selected to be sacrificed in each group for BBB permeability assay. At 24 h after CCI injury, rats were anesthetized with intraperitoneal injections of 3% sodium pentobarbital (50 mg/kg) and 3% Evans Blue (4 ml/kg) was injected slowly into the jugular vein and allowed to circulate for 1.5 h before sacrifice. To maintain unconsciousness until decapitation, rats were also intraperitoneally injected with 3% ketamine (25 mg/kg) 1 h after sodium pentobarbital injection. Then, rats were transcardially perfused with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde for removing all the intravascular dye until the drainage was colorless. Finally, rats were sacrificed by decapitation. The ipsilateral hemispheres were then placed in 5 ml 4% paraformaldehyde and incubated at room temperature for 48 h. The amount of Evans Blue dye in the supernatant was measured by absorbance of the supernatant using a spectrophotometer (Analytik Jena AG, Jena, Germany) at a wavelength of 632 nm. A linear standard curve was created based on Evans Blue external standards. The tissues were then dried at 95˚C for 5 days. Based on the standard curve, the amount of Evans Blue was quantified as µg of Evans Blue per mg dry weight of brain tissue.
Western blot analysis. At 24 h after CCI injury, 6 rats in each group were sacrificed and protein samples were routinely extracted from spleen tissues. Tissues were routinely homogenized in protein extraction buffer (NP-40 lysis buffer; Thermo Fisher Scientific, Inc.) with freshly added protease inhibitors using sonication. After centrifugation of samples at 12,000 x g for 20 min at 4˚C, the supernatant was collected and protein concentration was determined by Bradford method (Quick Start™ Bradford Protein assay; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Protein samples (80 µg) were then separated by 0.1% sodium dodecylsulfate and 10% polyacrylamide separating gel with 4% polyacrylamide stacking gel and transferred to immobilon-P polyvinyl difluoride membranes (EMD Millipore, Billerica, MA, USA). Each membrane was incubated with Tris-buffered PBS supplemented with 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA) and 0.1% (v/v) Tween-20 (Sigma-Aldrich; Merck KGaA) with gentle shaking for 1 h at room temperature. Following this, membranes were incubated with primary rabbit polyclonal antibodies against nAChRa7 (ab-10096; 1:1,000; Abcam, Cambridge, MA, USA), nuclear factor (NF)-κB (p65; sc-109; 1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), phosphorylated NF-κB (p-NF-κB; sc-101754; 1:1,000; Santa Cruz Biotechnology, Inc.), signal transducer and activator of transcription 3 (STAT3; sc-482, 1:1,000; Santa Cruz Biotechnology, Inc.), p-STAT3 (sc-7993; 1:1,000; Santa Cruz Biotechnology, Inc.), IL-1β (sc-7884; 1:1,000; Santa Cruz Biotechnology, Inc.) and TNF-α (sc-374186; 1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), respectively, at 4˚C overnight. Subsequently, the membranes were washed three times for 10 min with Tris-buffered saline-Tween-20 solution and further incubated at room temperature with secondary horseradish peroxidase-conjugated goat anti-rabbit antibodies (A0545; 1:5,000; Sigma-Aldrich; Merck KGaA). Proteins were then visualized using enhanced chemiluminescent reagents (GE Healthcare, Chicago, IL, USA) and exposed to an X-ray film. β-actin protein (sc-47778, 1:1,000; Santa Cruz Biotechnology, Inc.) was blotted on the same membrane as an internal control for normalizing the relative density. Results were quantified and analyzed with a Kodak Electrophoresis Documentation and Analysis System and its ID image analysis software version 2.0 (Kodak, Rochester, NY, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
At 24 h after CCI injury, and after rats were sacrificed, total RNA was isolated from spleen tissues by homogenizing with TRIzol reagent (Invitrogen; Thermo Fisher Scientific Inc., Waltham, MA, USA), followed by adding chloroform. Then, after the homogenate was separated by centrifugation at 12,000 x g for 10 min at 4˚C, RNA was precipitated from the upper aqueous layer with isopropanol. from spleen tissues. cDNA synthesis was performed using an MMLV-RT reverse transcriptase kit (cat. no. 28025013; Invitrogen; Thermo Fisher Scientific, Inc.). qPCR analysis was employed to determine nAChRa7, IL-1β and TNF-α gene expression levels in spleen tissues. GAPDH was used as an internal reference and serial dilutions of the positive control were performed on each plate to create a standard curve. The primer sequences used were as follows: Rat nAChRa7, forward 5'-GAG GCT GTA CAA GGA GCT GG-3' and reverse 5'-ACC CTC CAT AGG ACC AGG AC-3'; rat IL-1β, forward 5'-GAC TTC ACC ATG GAA CCC GT-3' and reverse 5'-GGA GAC TGC CCA TTC TCG AC-3'; rat TNF-α, forward 5'-GGC TTT CGG AAC TCA CTG GA-3' and reverse 5'-CCC GTA GGG CGA TTA CAG TC-3'; and rat GAP DH, forward 5'-GGT GGT CTC CAC GGA CTT TA-3' and reverse 5'-CAA GGA GGG GCC TTT ATT TC-3'. qPCR (iQ™ SYBR ® Green Supermix, cat. no. 170-8882; Bio-Rad Laboratories, Inc.) was performed using a Bio-Rad iCycler iQ 25 µl system (Bio-Rad Laboratories, Inc.) in a 96-well plate (Takara Biotechnology Co., Ltd., Dalian, China). The thermocycling conditions were as follows: 42˚C for 30 min, 95˚C for 15 min, followed by 40 cycles of 95˚C for 20 sec, 56˚C for 1 min and 72˚C for 20 sec. The amount of target gene was normalized to the reference GAPDH to obtain the relative threshold cycle. The 2 -ΔΔCq method (26) was used to determine the relative abundance of target gene expression in each group.
Measurement of spatial learning and memory. The Morris water maze (MWM) was applied to assess spatial learning and memory following TBI injury. In each group, half of the rats were sacrificed, while the other half rats were maintained to be used for the MWM trials. In TMP group, rats (n=6) injected by TMP from day 1 to day 14 and those (n=6) injected by TMP from day 2 to day 14 after CCI were both randomly selected for MWM trial. In vehicle group, rats (n=6) injected by saline from day 1 to day 14 and those (n=6) injected by saline from day 2 to day 14 after CCI were both randomly selected for MWM trail. In sham group, 6 rats after sham operation were randomly selected for MWM trail. The apparatus consisted of a white interior circular pool (0.5 m in depth and 1.0 m in diameter), which contained a submerged platform, that was divided into four virtual quadrants, with the addition of nontoxic white paint to make the water opaque. Water temperature was maintained at 25.0±0.5˚CC. All rats were accustomed to the water and MWM apparatus 1 day prior to initiation of navigational testing. In the hidden platform test, a submerged platform was positioned stochastically in the four quadrants, and its position was changed every day over the four daily trials using the same pattern on a given day for all experimental rats. Serial testing (four trials/day) was performed from day 17 [post injury day (PID) 17] to day 21 (PID21) after CCI injury. The maximum time rats were allowed to reach the submerged platform was 90 sec. If the rat could not find the platform within this time, it was placed on the platform by the experimenter and remained there for 10 sec.
In the visible platform test, two sets of trials were performed (from PID17 to PID18), with the platform raised 0.5 cm above the water and clearly marked. With regard to the spatial probe trial, on PID21, the platform was removed and the rats were placed in the same start location as in the acquisition trails (~2 h after the fifth hidden platform trial) to swim freely for a maximum time of 60 sec to reach the target quadrant zone, whereby the strength of the spatial memory retention would be assessed. All behavioral parameters of rats were tracked, recorded and analyzed using a MT-200 water maze video tracking system (Techman Software Co., Ltd., Chengdu, China).
Statistical analysis. Data were expressed as the mean ± standard error of the mean. MWM and plasma cytokine data were analyzed using repeated measures analysis of variance (ANOVA) with Tukey's post hoc tests. With regard to the differences of mRNA levels between each group, statistical significance was accepted when the ratio of 2 -ΔΔCq exceeded 1.7. One-way ANOVA with Tukey's post hoc tests was used for other data to evaluate the differences between certain groups. SPSS v. 18.0 statistical software (SPSS, Inc., Chicago, IL, USA) was used for statistical analyses. P<0.05 was considered to indicate a statistically significant difference.
Results
BBB permeability following CCI injury.
To assess the effects of TMP on improving the breakdown of BBB after TBI, the extravasation of Evans Blue dye in the ipsilateral hemisphere was determined 24 h after CCI injury (n=6 for each group). Results demonstrated that, at 24 h after CCI injury, the Evans Blue dye extravasation in the ipsilateral cortex in the TMP and vehicle groups was significantly greater compared with the sham group (P<0.01; Fig. 1 ). In addition, compared with that of the vehicle group, the Evans Blue dye extravasation in the ipsilateral cortex was significantly decreased in the TMP group (P<0.05; Fig. 1) .
Plasma values of IL-1β and TNF-α following CCI injury.
In order to evaluate the potential effects of TMP on the circulating inflammatory responses following TBI, the plasma levels of IL-1β and TNF-α were detected within 24 h after CCI injury. IL-1β and TNF-α were both generally considered to be the markers of peripheral inflammatory cytokines. The ELISA assay (n=6 for each group) demonstrated that, at 4, 12 and 24 h after CCI injury, respectively, the plasma levels of IL-1β and TNF-α in the TMP and vehicle groups were significantly higher compared with the sham group (P<0.05). Additionally, compared with that of vehicle group, the plasma levels of IL-1β and TNF-α at 4, 12 and 24 h after CCI injury were significantly decreased in the TMP group (P<0.05; Fig. 2 ).
mRNA and protein expression levels of IL-1β and TNF-α in the spleen following CCI injury.
To evaluate the possible effects of TMP on the splenic expression of IL-1β and TNF-α following TBI, mRNA and protein expression levels of IL-1β and TNF-α in the spleen after CCI injury were assessed. RT-qPCR and western blotting demonstrated that, at 24 h after CCI injury, splenic mRNA and protein expression levels of IL-1β and TNF-α in the TMP and vehicle groups were significantly higher compared with the sham group (P<0.05; Fig. 3 ). In addition, compared with that of the vehicle group, the splenic mRNA and protein expression levels of IL-1β and TNF-α 24 h after CCI injury were significantly decreased in the TMP group (P<0.05; Fig. 3 ).
Splenic nAChRa7-associated NF-κB and STAT3 signaling following CCI injury.
To determine the potential effects of TMP on the splenic anti-inflammatory roles mediated by nAChRa7 and its downstream NF-κB and STAT3 signaling, mRNA and protein expression levels of nAChRa7, NF-κB and STAT3 in the spleen following CCI injury were evaluated. RT-qPCR and western blotting demonstrated that, 24 h after CCI injury, the splenic mRNA and protein expression levels of nAChRa7, NF-κB and STAT3 in the TMP and vehicle groups were significantly higher than that of the sham group (P<0.05; Fig. 4) . However, there were no significant differences in the expression levels of nAChRa7, NF-κB and STAT3 at 24 h after CCI injury between the TMP and vehicle groups. Furthermore, western blotting demonstrated that, 24 h after CCI injury, the splenic protein expression levels of p-NF-κB and p-STAT3 in the TMP and vehicle groups were significantly higher than that of the sham group (P<0.05; Fig. 4 ). In addition, compared to that of the vehicle group, the splenic protein expression levels of p-NF-κB and p-STAT3 24 h after CCI injury were significantly increased in the TMP group (P<0.05; Fig. 4) .
Spatial learning and memory following CCI injury.
To determine the beneficial effects of TMP on cognitive recovery after TBI, spatial learning and memory following CCI injury were assessed. MWM results demonstrated that, in the visible platform test, at PID17 and PID18 after CCI injury, there were no significant differences in latency time between the TMP, vehicle and sham groups (Fig. 5) . In the hidden platform test, from PID17-21 after CCI injury, the latency times in the TMP and vehicle groups were significantly increased compared with those of the sham group (P<0.05; Fig. 5 ). Additionally, compared with those of the vehicle group, the latency times in the hidden platform test were significantly decreased in the TMP group (P<0.05). When the injection administration on the same day as CCI procedure was not applied in the TMP and vehicle groups [TMP (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) and vehicle (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) ], a significant difference in latency time in the hidden platform test was not detected. Furthermore, in the spatial probe trial, on PID21 after CCI injury (~2 h after the fifth hidden platform trial), the TMP and vehicle groups demonstrated significantly worse performances than the sham group (P<0.05; Fig. 5 ). Additionally, compared to that of the vehicle group, the TMP group displayed significantly improved performance (P<0.05). When the injection administration on the same day of CCI Figure 2 . Plasma levels of IL-1β and TNF-α within 24 h after CCI injury. At 4, 12 and 24 h after CCI injury, respectively, the plasma levels of (A) IL-1β and (B) TNF-α in the TMP and vehicle groups were significantly higher than that of the sham group. Additionally, compared with the vehicle group, the plasma levels of IL-1β and TNF-α at 4, 12 and 24 h after CCI injury were significantly decreased in the TMP group. Data are presented as the mean ± standard error of the mean. . Splenic mRNA and protein expression levels of IL-1β and TNF-α 24 h after CCI injury. 24 h after CCI injury, the (A) mRNA and (B) protein expression levels of IL-1β and TNF-α in the spleen in the TMP and vehicle groups were significantly higher than that of the sham group. Additionally, compared to the vehicle group, the mRNA and protein expression levels of IL-1β and TNF-α in the spleen 24 h after CCI injury were significantly decreased in the TMP group. Data are presented as the mean ± standard error of the mean. # P<0.05 vs. the sham group; * P<0.05 vs. the vehicle group. IL, interleukin; TNF, tumor necrosis factor; CCI, controlled cortical impact; TMP, tetramethylpyrazine.
procedure was not applied in the TMP and vehicle group, a significant difference in performance in the spatial probe trial was not detected (Fig. 5) .
Discussion
While the explicit mechanistic underpinnings remain largely unclear, the complex processes under which secondary injury cascades are induced by initial primary mechanical insults are now extensively considered to be the central dogma in the pathogenesis of TBI (27) . Previous research has revealed that, in the early phase of secondary injuries, the regional cerebral blood flow, as well as tissue oxygenation, in the ipsilateral hemisphere following TBI is prominently decreased (28, 29) . As such, we proposed that the pathological mechanisms underlying TBI and ischemic brain injury should overlap, at least in part, during the early events. In fact, cumulating evidence has demonstrated that TMP could exert explicit therapeutic effects on improving the clinical outcomes of ischemic brain injury, such as ischemic stroke (30) . Accordingly, the present study hypothesized that TMP may also provide some benefits for treating TBI. The present study demonstrated that the application of TMP following TBI was able to: i) Effectively reduce BBB permeability; ii) actively inhibit peripheral inflammation associated with stimulation of splenic cholinergic activity; and iii) potentially improve the cognitive recovery concerning spatial learning and memory.
The abnormal dysfunction of BBB after TBI has been widely considered to be a transient process, which could critically deteriorate various other post-injury processes so as to cause poor life-long outcomes (15) . Therefore, to effectively improve and correct BBB damage is paramount for treating TBI. The results of the present study demonstrated that the application of TMP could reduce BBB permeability after 24 h of CCI injury. Notably, following TBI, circulating pro-inflammatory cytokines, such as IL-1β and TNF-α, dramatically increased within hours (18) . Furthermore, it was reported that intraperitoneal injection of pro-inflammatory cytokines to experimental animals could worsen the pathological consequences of TBI (31) . In the present study, plasma levels of IL-1β and TNF-α within 24 h of CCI injury were significantly elevated, and these levels were significantly decreased by TMP. Thus, TMP may essentially reduce the permeability of BBB after TBI, which may be closely related to the inhibition Figure 4 . Splenic mRNA and protein expression levels of nAChRa7, NF-κB and STAT3, and protein expressions levels of p-NF-κB and p-STAT3, 24 h after CCI injury. At 24 h after CCI injury, the (A) mRNA and (B) protein expression levels of nAChRa7, NF-κB and STAT3 in the spleen in the TMP and vehicle groups were significantly higher than that of the sham group. However, there were no significant differences in these levels between the TMP and vehicle groups. At 24 h after CCI injury, the splenic protein expression levels of (C) p-NF-κB and p-STAT3 in the TMP and vehicle groups were significantly higher than that of the sham group. In addition, compared to the vehicle group, the splenic protein expression levels of p-NF-κB and p-STAT3 were significantly increased in the TMP group. Data are presented as the mean + standard error of the mean. * P<0.05 vs. the sham group; # P<0.05 vs. the vehicle group. nAChRa7, nicotinic acetylcholine receptor α7; NF, nuclear factor; STAT3, signal transducer and activator of transcription 3; p, phosphorylated; CCI, controlled cortical impact; TMP, tetramethylpyrazine.
of the systemic inflammatory status. In fact, the BBB is composed of cerebrovascular endothelium, astrocytic endfeet and extracellular matrix (14) . Accruing evidence has indicated that TBI would exert various detrimental insults on the basement membrane, endothelial cells and inter-endothelial tight junctions by certain proteases, so as to increase BBB permeability (15) . Recent findings have indicated that TMP could increase the expression of tight junction proteins, such as occludin and claudin-5, in ischemic brain injury (17) . However, whether the beneficial effects of TMP on reducing BBB permeability after TBI should be associated with the aforementioned pathways is unknown and requires further investigation.
Although researchers have studied the neuroinflammation triggered by TBI and its detrimental effects on BBB permeability, one study has ascertained the defined contribution of systemic inflammatory responses in the pathogenesis of BBB breakdown (21) . Novel findings have demonstrated that vagus nerve activity, particularly the splenic efferent nerve, could actively reduce systemic inflammatory responses (32) . Furthermore, it was demonstrated that splenectomy could markedly reduce BBB permeability triggered by TBI (22) . Thus, the vagus innervated spleen may serve as a peripheral anti-inflammatory feedback mechanism to the TBI-triggered neuroinflammation in order to decrease the breakdown of BBB. In the present study, it was demonstrated that protein and mRNA expression levels of IL-1β and TNF-α in the spleen were significantly decreased by TMP after CCI injury. As such, we proposed that the decreased plasma levels of IL-1β and TNF-α were, at least in part, due to the inhibitory effects on their expression in the spleen by TMP in TBI.
Notably, novel findings have implicated that the aforementioned splenic anti-inflammatory effects were mediated by the activation of nAChRa7 on splenic macrophages so as to decrease the circulating levels of pro-inflammatory cytokines (23) . The present results indicated that protein and mRNA expression levels of splenic nAChRa7 were significantly elevated following CCI injury. However, the TBI-triggered nAChRa7 expression could not be further increased by the application of TMP. Subsequently, by assessing the downstream signaling of nAChRa7, it was demonstrated that, compared to that of vehicle group, the expression levels of p-NF-κB and p-STAT3 in the spleen were significantly increased by TMP after CCI injury. Meanwhile, although expression levels of splenic NF-κB and STAT3 were significantly elevated in CCI injury, the TBI-triggered expressions of NF-κB and STAT3 could not be further increased by the application of TMP. This indicated that both NF-κB and STAT3 signaling were further activated by TMP after CCI injury (Fig. 4) . Other research has suggested that nAChRa7-mediated neuroprotection is initiated by the activation of Janus kinase 2, followed by the stimulation of protein kinase B, NF-κB and STAT3 (33) . Thus, it should be indicated that, after TBI, TMP could further enhance the downstream signaling of nAChRa7, which may be closely associated with the inhibited expression of IL-1β and TNF-α in the spleen. Therefore, it was implicated that TMP could stimulate the nAChRa7-mediated cholinergic activity of the splenic macrophages, whereby the protein and mRNA expression levels of IL-1β and TNF-α would be inhibited, so as to elicit the peripheral anti-inflammatory effects on reducing BBB permeability triggered by TBI.
Using MWM tests to detect the spatial learning and memory has been conducted for nearly 30 years, and is widely Figure 5 . Spatial learning and memory after CCI injury. (A) In the visible platform test, there were no significant differences in latency time between the TMP, vehicle and sham groups. In the hidden platform test, from PID17-21 after CCI injury, the latency time in the TMP and vehicle groups were significantly increased compared with the sham group. Additionally, compared with the vehicle group, the latency times were significantly decreased in the TMP group. (B) When the first two injection administrations were deprived in the TMP and vehicle groups [TMP (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) and vehicle (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) ], there were no significant differences in latency time between the TMP (2-14), vehicle and vehicle (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) groups. Data are presented as the mean ± standard error of the mean. (C) In the spatial probe trial, the TMP and vehicle groups displayed significantly worse performance than the sham group. Additionally, compared with the vehicle group, the TMP group displayed significantly improved performance. When the first two injection administrations were not applied in the TMP and vehicle groups, there were no significant differences in performance between the TMP (2-14), vehicle and vehicle (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) accepted in the research of behavioral neuroscience for laboratory rodents (34) . In order to remove the interference by visual and/or motor changes after TBI, we first assessed the visible platform test. Results demonstrated that there were no significant differences of the latency time between each group. Following this, the hidden platform test demonstrated that applying TMP after CCI injury could significantly shorten the latency time. Additionally, spatial probe trials indicated that using TMP after CCI injury could significantly improve the performance to reach the target quadrant. These data implicated that the impaired spatial acquisition and memory retention triggered by TBI could be, at least in part, improved by TMP. Furthermore, it was demonstrated that if the initial treatment of TMP within 24 h after CCI injury was not received, the latency time of spatial acquisition and performance of memory retention would not improve compared with the vehicle group. Thus, we proposed that the prompt application of TMP in the early 'time window' for treating TBI is essential for the recovery of cognitive functions, such as spatial learning and memory, which may be closely related to the reduction of BBB permeability. As the mechanistic underpinnings are extremely complex in the regulation of spatial learning and memory, it is unclear which and how the abnormal structures and/or altered cellular and molecular pathways triggered by TBI would be changed by TMP. Thus, this requires further investigation.
Here, we have to notice that, in the viewpoint of chemistry, TMP is structurally similar to that of nicotine. In fact, previous research has indicated that TMP could effectively inhibit the activity of acetylcholinesterase (35) . However, it is unclear whether TMP could increase the local acetylcholine by its inhibitory effects on acetylcholinesterase activity and further activate nAChRa7 on splenic macrophages. Additionally, one important feature of nAChRa7 is that the receptor would be rapidly desensitized after its activation (36) . However, whether the desensitization characteristics of nAChRa7 could be regulated by TMP was not assessed in this study. Furthermore, activation of nAChRa7 could instantly inhibit the secretion of IL-1β and TNF-α, mediated by intracellular calcium-triggered signaling (37) . Nonetheless, whether, and to what extent, TMP may regulate the intracellular calcium homeostasis in splenic macrophages triggered by TBI is unknown. Undoubtedly, the aforementioned pathways regulated by TMP require further study in future research.
In conclusion, the present study first verified the beneficial effects of TMP on reducing BBB permeability triggered by TBI, which was closely associated with the enhancement of splenic cholinergic anti-inflammatory effects. Accordingly, the significance of this contribution would be two-fold: Firstly, regarding its low price and clinical safety, TMP may serve as a potential candidate for clinical therapy for TBI; and secondly, to effectively promote the peripheral cholinergic anti-inflammatory effects in the early 'time window' may be critically important for functional recovery in treating TBI.
